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N adult populations, a modest relationship has been shown to exist between casual blood pressure and left ventricular mass (LVM) '-3 while a stronger correlation has been demonstrated between LVM and mean 24-hour systolic blood pressure (SBP), 4 blood pressure at work, and home blood pressures on a workday. 5 The SBP response to exercise correlates better than resting SBP with LVM, 3 and it is also predictive of subsequent hypertension. 6 -7 Increased echocardiographic LVM appears to be an isolated risk, independent of hypertension, and a predictor of dysrhythmias and mortality from ischemic heart disease. 8 -9 Thus, echocardiographic LVM and perturbations of blood pressure, such as exercise testing, may more accurately reflect blood pressure elevations occurring throughout the day All studies were performed in a specially modified, temperature-controlled trailer, parked next to the school buildings. After obtaining the consent of parents and children, we obtained height, weight, triceps skinfold thickness, and auscultatory SBP and diastolic blood pressure (DBP) according to our previously described protocol. 10 Mean blood pressure was calculated as DBP + 1/3(SBP -DBP). All components of the protocol were performed by the same personnel throughout the study. These personnel have been regularly certified for their accuracy in making these measurements.
Echocardiography
With the child in a recumbent position, echocardiograms were performed using an SKI ultrasonoscope (Model 20-A, Smith Kline Instruments, Sunnyvale, CA, USA) with a 3.5-mHz transducer and a strip chart recorder. The standard interspace technique for transducer position was used. 11 The ultrasonic beam was angled toward the apex of the left ventricle to record the maximal dimensions showing both rapid systolic anterior left ventricular posterior wall (LVPW) motion and rapid systolic posterior interventricular septal motion. The chordae tendineae were visualized. The electrocardiogram was clearly denned with an easily discernible QRS complex, which demonstrated normal sinus rhythm. The calibration signal for 1 cm was clearly defined. The recording paper was run at a speed of 50 mm/sec.
We have previously reported the reproducibility of echocardiographic dimensions of the left side of the heart. 12 ' 13 Only tracings that met our measurement criteria for group echocardiographic studies were included for analyses.
The following dimensions were measured: interventricular septum (IVS), left ventricular diastolic dimension (LVDd), left ventricular systolic dimension (LVDs), LVPW, and left atrium. The diastolic (LVDV) and systolic (LVSV) left ventricular volumes were calculated by the method of Meyer et al. ; and LVSV (liters) = -19.1 + 14.6 (LVDs) + 0.62 (LVDs) 3 . The echocardiographic stroke volume (SV) was calculated as the difference between diastolic and systolic volumes. Cardiac output (CO; L/min) was calculated as stroke volume x heart rate. Total systemic resistance (Rs; mm Hg/L/min) was calculated as mean blood pressure/CO.
We calculated the echocardiographic left ventricular mass (LVM) by the formula 15 LVM (g) = 0.77
] + 2.4. This equation permits an estimate of LVM by assuming that the ventricle is an ellipsoid during end diastole. The internal volume of the ventricle is subtracted from the external volume, which gives the volume of the ventricular muscle. Mass is estimated from the specific gravity of ventricular muscle, which is assumed to be 1.05 g/cm 3 .
Dynamic Exercise
Following the placement of a blood pressure cuff of proper size 10 on the right arm, children were seated on an electronically braked ergometer whose pedal length was adjusted for their height. Cardiotachometer leads were attached to both arms. Following a 2-minute explanation of the tests, resting blood pressure and heart rate were recorded. The children were exercised according to the progressive exercise test of Godfrey et al. 16 in which the work load on the ergometer was initially set at 25 W and increased every minute by a fixed amount dependent on height. For children under 125 cm, the increment was 10 W; for children between 125 and 150 cm, 15 W; and for children over 150 cm, 20 W. The child was encouraged to continue exercise as long as possible so that a maximal effort was obtained.
The following exercise variables were recorded and compared with resting values: peak exercise values for heart rate (HR), SBP (SBPmax), and DBP (DBPmax), as well as the difference between maximal exercise and resting values for HR, SBP, and DBP. The double product (MXDP) was calculated as the product of maximal SBP and HR.
Statistical Analysis
Echocardiographic dimensions and blood pressures change with body growth. Since we were interested in describing relationships among echocardiographic dimensions and blood pressure variables that did not depend on differences in body size or maturation, we adjusted all echocardiographic variables and blood pressures for body size and age before describing these associations. To allow for differences in the associations among body size, blood pressures, and echocardiographic variables for the two sexes and the 4 survey years, adjustment equations were derived for each sex and survey year separately. All values not subjected to these adjustments are labeled with the subscript u in this article.
For each echocardiographic and blood pressure variable, multiple linear regression was used to find the best linear model to predict that variable from age, height, and weight. Preliminary analyses indicated that age, height, and weight were generally the best predictor variables, although all three were not always statistically significant. To obtain uniformity we chose to use these three variables in all adjustments. Studentized residuals from the resulting regression equations were used as the adjusted values in the analyses. 17 The regression coefficients for SBP, DBP, and LVM used for the 1979 survey are given in the Appendix table.
Log transformed values were used for CO and vascular resistance, since these variables were not normally distributed. The strength of crosssectional and longitudinal associations among blood pressures and echocardiographic dimensions were VOL 12, No 2, AUGUST 1988 described using Pearson correlations. The prediction of future levels of SBP and LVM from initial childhood levels was developed using stepwise linear regression, and the results are expressed as percentage of the explained variance (i? 2 ). Candidates for predictor variables included initial SBP, DBP, CO, Rs, HR, left atrium, SV, LVM, LVDs, SBPmax, DBPmax, and MXDP. Only those variables that remained significant at the 5% level were retained in the equations.
Analysis of covariance was used to determine if the association described using stepwise regression were dependent on the sex of the subject. These analyses indicated that there were no significant differences between the sexes in the associations between (age, height, and weight adjusted) initial and final dimensions. Sample sizes for analyses using boys and girls separately were small, so in order to have reasonable confidence in the results, we report results for boys and girls combined.
Numerous tests of hypotheses were performed in these analyses; hence, some associations would be expected to be statistically significant by chance alone. Since many tests were performed, it was not practical to adjust significance levels for all of them. The original aim of the study was to examine the longitudinal associations between SBP and LVM; thus, the tests for these associations were considered a priori tests and their p values were adjusted using the Bonferroni method. Adjustment of the tests for overall significance of the two final models using the Bonferroni method still yielded significant results, since these tests were both significant at ap level below 0.001. All other associations should be considered interesting observations that may be subject to the multiple comparison problem and require confirmation by other studies.
Results

Body Size and Left Ventricular Dimensions
Correlations of initial unadjusted echocardiographic variables, as well as unadjusted resting and exercise blood pressure and HR variables, with age, height, weight, triceps skinfold thickness, body surface area, and Quetelet index are shown in Table  1 . LVM and the components from which it is derived (LVDd u , IVS U , and LVPWJ were highly correlated with age, height, weight, and body surface area (p < 0.001). Baseline and maximal exercise values for SBP U and DBP U demonstrated similar correlations with age and body size variables. HRSu at baseline and at peak exercise were negatively correlated with age and body size. The CO U correlated positively while Rs,, correlated negatively with age and body size.
Correlation coefficients for echocardiographic variables and exercise variables, adjusted for age and body size, with LVM and SBP at the time of initial examination are shown in Tables 2 and 3 . The level of SBP adjusted for age and body size did not correlate with adjusted LVM; however, SBP U and LVM,, were highly correlated (r = 0.45, p < 0.0001). SBPmax and the difference between normal exercise and resting SBP values were significantly correlated with LVM. While HR was inversely related to LVM, SV was directly correlated; thus their product, CO, was only weakly correlated with LVM. Left atrial size was significantly correlated with LVM.
Correlation of Blood Pressure, Exercise Variables, and Left Ventricular Mass
The intercorrelations of adjusted variables at initial examination are shown in Table 3 . Baseline resting SBP was significantly correlated with DBP, Serial echocardiographic and exercise studies were obtained in all subjects. Table 4 lists the longitudinal correlations of initial with final adjusted variables. These correlations indicate the degree of tracking of echocardiographic variables that occurs during this childhood period.
Longitudinal Correlations of Blood Pressure and Left Ventricular Mass
The correlations of final SBP and LVM with initial blood pressures and echocardiographic variables adjusted for age and body size are shown in Table 5 . Final LVM is significantly correlated with initial LVM, DBP, SV, SBPmax, and DBPmax. Final LVM was not related to the initial SBP. Final SBP was significantly correlated with initial LVM, SBP, DBP, HR, SBPmax, DBPmax, difference between maximal exercise and resting DBP values, and MXDP. Figure 1 shows the percentage of explained variance for the prediction of age-adjusted and body size-adjusted final SBP and LVM. Stepwise linear regression indicated that the best single predictor of subsequent SBP was initial SBP, with 19.2% of the variability explained by the initial level. Two other initial variables, SBPmax and LVM, also added significantly to the prediction of final SBP. SBPmax increased the explained variability to 23.9%, and LVM further increased this level to 26.4%.
Both SBPmax and LVM had positive coefficients in the final prediction equation, indicating that over and above the effect of a high initial SBP, children with high SBPmax or large LVM would be predicted to have a higher follow-up SBP than would children with the same initial blood pressure but with lower exercise blood pressure or smaller LVM. For final DBP, 8% of the variance was explained and that was from initial DBP only.
Initial LVM was the best predictor of subsequent LVM, explaining 15.1% of the variability. The only other variable adding significantly to this prediction was DBPmax, which increased the explained variability to 20%. Children with a high DBPmax would be predicted to have differentially higher follow-up LVM than would children with the same initial LVM but lower DBPmax.
Discussion
Blood pressure and body size increase throughout childhood. The unique aspects of this study is its longitudinal view of children's blood pressures, echocardiographic dimensions, and responses. Echocardiographic and exercise studies were repeated in each subject an average of 3.4 years after initial studies. Thus, the initial variables could be analyzed for their impact on subsequent levels of blood pressure and LVM. The final level of SBP was significantly correlated with the initial variables of resting and maximal exercise SBP and DBP, HR, and the MXDP. Initial LVM was significantly related to the final level of SBP. However, the final level of LVM was not correlated to the initial level of SBP.
Stepwise linear regression identified significant predictors of future level of SBP, DBP, and LVM. The final SBP was best predicted from the initial variables of SBP, SBPmax, and LVM. The final DBP was predicted only from initial DBP. The final LVM was best predicted from initial variables of LVM and maximal DBPmax. There is substantial evidence that initial blood pressure levels are the strongest predictors of future hypertension. 18 Blood pressure responses during exercise testing 6 -7 and mental stress 19 have also been identified as important predictors of subsequent hypertension in adolescents and young adults. In this study, LVM also significantly added to the prediction of future blood pressure level.
Initial resting SBP level was not a factor in predicting subsequent LVM. Factors, other than blood pressure, associated with cardiac hypertrophy have been examined in animal models. In spontaneously hypertensive rats, increased LVM precedes the development of hypertension. 20 ' 21 Neonatal central or peripheral sympathectomy in this model prevents the development of hypertension but does not affect the development of left ventricular hypertrophy. 22 -24 Despite the maintenance of a stable blood pressure elevation in the spontaneously hypertensive rat, cardiac hypertrophy increases with age. 25 Renal hypertensive dogs also demonstrate an early increase in left ventricular wall thickness associated with only small changes in blood pressure. 26 This lack of association between the rate of development of hypertension and LVM suggests that factors other than the pressure overload contribute to the initiation and evolution of cardiac hypertrophy. LVM may reflect elevations of blood pressure occurring over a long period that are not reflected in resting blood pressure measurements. The data in the spontaneously hypertensive rat suggest that cardiovascular structural changes to some extent may be genetically determined.
Familial aggregation of left ventricular dimensions has been reported in nuclear families 27 and in twin pairs and sib pairs. 28 These data implicate a genetic predisposition in some with a strong family history of essential hypertension that may facilitate the development of cardiovascular changes at pressure loads that are borderline-elevated or of relatively short duration. Perhaps increased LVM in part is a phenotypic expression rather than a result of high blood pressure.
In this study of normal school-aged children, we have shown high correlations of echocardiographic dimensions as well as blood pressure variables with age and body size. Similar relationships have been demonstrated in another childhood population. 29 In adults LVM relates to indices of body habitus 30 to a lesser degree. Since age and body size are strongly correlated with blood pressure and heart size, we chose to adjust all variables for age and body size before evaluating the relationship of blood pressure to LVM.
We have previously shown that children in the upper quintile of the blood pressure distribution for age, as a group, have greater LVM than children in the middle or lower quintiles, and this difference persists after adjustment of LVM for age, gender, and body size. 13 The latter observation suggests that blood pressure in childhood affects LVM independently of body size, even though children from the upper quintile had the greatest measures of body size and ponderosity. Culpepper et al. 31 have shown that LVM and the ratio of wall thickness to ventricular diameter are greater in children with borderline hypertension as compared with values in controls; however, they noted poor correlation between SBP or DBP and LVM when the controls and borderline hypertensive groups were pooled. In the present study, although unadjusted LVM and SBP were highly correlated, we found no significant correlation of adjusted SBP and adjusted LVM. Similarly, Burke et al., 29 studying blood pressure and LVM adjusted for ponderosity and body surface area in children across the blood pressure distribution, and Devereux et al., 30 studying LVM corrected for body surface area in adults with normal blood pressures, showed little correlation of either SBP or DBP with LVM. We did demonstrate a weak correlation of adjusted DBP with adjusted LVM.
In the present study, LVM most closely correlated with SV and HR. We have previously shown that LVDd and LVM were greatest in children from the upper quintile of the blood pressure distribution and whose blood pressures were elevated on the basis of increased CO. 13 Thus, either larger SVs and left ventricular dimensions, often associated with slower HRs, or increased SBP may increase left ventricular stroke work and are associated with increased LVM. A high SV is associated with incremental increases in preload and, subsequently, greater left ventricular diastolic diameter and volume. As a consequence of LaPlace's law, wall tension increases in parallel with diameter. A persistent increase in wall tension or systolic wall stress stimulates the development of eccentric left ventricular hypertrophy. 32 An increase in afterload on the left ventricle caused by increased SBP produces increased wall stress and concentric hypertrophy. This effect can be demonstrated echocardiographically by an increase in relative wall thickness (or a decrease in the left ventricular cavity radius to wall thickness). 32 End-systolic meridional wall stress, adjusted for body size, significantly correlates with LVM in children. 29 Although basal SBP was unrelated to LVM, exercise blood pressure responses demonstrated significant correlations in the present study. Direct relationships of SBP measured at peak exercise and the change in SBP from basal levels during exercise were shown for LVM. Similarly, in patients with hypertension, the LVM index related poorly to blood pressure at rest, but higher correlations were found with exercise SBP and the change in SBP from rest to exercise. 3 Measurements of LVM are also more closely related to blood pressure at work and to home blood pressure on a workday. 5 Ambulatory blood pressure recordings, by either indirect 33 or continuous intra-arterial monitoring, 4 are highly related to LVM.
Casual or resting blood pressure measurements may not adequately reflect daily fluctuations of blood pressure. Measuring blood pressure during perturbations such as exercise testing, mental stress, and ambulation may provide additional information that more accurately reflects blood pressure during regularly occurring stressful situations. These data and data from the Framingham Study 9 suggest that echocardiographic measurement of LVM may provide an integrated view of elevations of blood pressure that occur throughout a long period. LVM and exercise blood pressure responses in childhood may thus be important predictors of subsequent hypertension and its complications in later years. VOL 12 
